Background: Insulin resistance (IR) has previously been associated with an increased risk of developing Alzheimer's disease (AD), although the relationship between IR and AD is not yet clear. Here, we examined the influence of IR on AD using plasma and cerebrospinal fluid (CSF) biomarkers related to IR and AD in cognitively healthy men. We also aimed to characterise the shared protein signatures between IR and AD.
Background
Research results suggest that two global epidemics, Alzheimer's disease (AD) and diabetes mellitus (DM), are connected pathophysiologically. Impaired glucose tolerance, hyperinsulinaemia and DM are associated with increased risk of dementia or AD [1] [2] [3] [4] [5] [6] [7] [8] , and AD patients have been reported to have reduced insulin sensitivity [9] , with insulin concentrations often found to be elevated in plasma and decreased in cerebrospinal fluid (CSF) [10, 11] . The IR-AD association may arise due to a shared aetiology resulting in the presence of one mutually increasing the risk of the other, or IR may mechanistically lead to AD. Either way, IR is potentially a modifiable risk factor for AD; however, it is still unclear exactly how and at what stage IR and AD interact. Further, IR is strongly associated with atherosclerosis and vascular disease, and whether IR is directly associated with AD pathophysiology (amyloid plaques and tau pathology) or whether it fosters other types of pathology (e.g. cerebrovascular changes) that may cause cognitive impairment alone or together with AD pathology is an open question.
Cognitively normal individuals with IR are of great interest in our effort to gain an understanding of the antecedents of this problem. In cognitively healthy subjects, IR has been linked with increased loss of temporal grey matter and cognitive decline [12] [13] [14] , hypometabolism in AD-related brain regions such as the hippocampus [15] and higher levels of CSF AD biomarkers [16] . These results suggest that IR is already contributing to AD pathology in the preclinical disease stage.
The current study investigated whether IR and other markers associated with DM (plasma glucose, CSF and plasma insulin) may act as an early endophenotype of AD pathology by examining levels of the best validated molecular biomarkers of AD, CSF levels of amyloid β (Aβ), total tau (T-tau) and tau phosphorylated at the Thr181 epitope (P-tau), in cognitively healthy, age and APOE ε4 genotype-matched IR and non-IR subjects. In addition we utilised targeted protein studies and untargeted proteomics to explore other potential biomarker associations with IR and their links with AD. For targeted studies we measured proteins previously associated with AD or neurodegeneration; in CSF assaying, neurofilament light chain (NFL), monocyte chemotactic protein-1 (MCP-1) and YKL-40 also known as chitinase-3-like-1 [17] ; and in plasma, ficolin-2 (FCN2), fibrinogen gamma chain (FGG), complement factor H-related 1 (CFHR1) and apolipoprotein A-I (ApoA1) [18] [19] [20] (Baird et al., unpublished observations). For untargeted, exploratory proteomics we utilised a high-dimensionality aptamer capture array (SOMAscan; SomaLogic Inc., Boulder, CO, USA) to identify candidate CSF and plasma protein biomarkers related to IR and AD, and examine their concordance.
Methods

Subjects and clinical classification
Participants were selected from the Metabolic Syndrome in Men (METSIM) study performed at the University of Eastern Finland, Kuopio, Finland [21] . To be considered eligible, subjects had to have a normal glucose tolerance in an oral glucose tolerance test (OGTT) performed within the past 3 months. IR was defined as Matsuda insulin sensitivity index < 25th percentile in subjects with otherwise normal OGTT [22] .
In total, 58 subjects (mean age = 62.66 years) were included in this study; 28 IR and 30 non-IR. The groups were matched for age and APOE haplotype. All subjects had normal cognition determined by living independently, no memory complaints and a Mini-Mental State Examination (MMSE [23] ) score ≥ 25. In addition, subjects had no history of significant neurological disorders, no prior diagnosis of DM, no evidence of significant metabolic or endocrine disorder associated with risk of cognitive impairment and no family history of autosomal dominant, inherited AD.
Blood collection and processing, and clinical assessments
All procedures were performed on a single visit to the Brain Research Unit at the University of Eastern Finland. The subjects arrived in the morning after an overnight fast. All subjects underwent a standardised clinical examination, including a review of recent medical history and concurrent medications, general physical examination (including diastolic and systolic blood pressure) and neurological examination. MMSE was performed by a qualified examiner. In addition, all subjects completed a Functional Activities Questionnaire (FAQ [24] ).
Fasting blood samples were obtained from an antecubital vein after 12 hours of fasting for measurements of basic blood chemistry (electrolytes, creatinine, total protein and albumin), haematology (complete blood count), thyroid function (thyroxine and thyroid stimulating hormone) and metabolic function (e.g. fasting plasma glucose and insulin levels). Blood samples for glucose and insulin (collection on ice) analysis were centrifuged at +4°C at 2400 × g for 10 minutes. Plasma was aliquoted and stored at -80°C. Blood samples for proteomic analysis were drawn 2 hours after the subjects had eaten (mean = 2 hours 5 minutes, standard deviation = 0.006). All blood samples collected for proteomics were centrifuged within 30 minutes of venepuncture and plasma supernatant was collected, and thereupon sample aliquots were frozen at -80°C until further use. CSF samples were collected by lumbar puncture at the L3/L4 or L4/L5 interspace. All samples were obtained in the morning according to a standard protocol [25] . CSF samples for glucose analysis were taken on ice and analysed directly. CSF samples for insulin and biomarker analysis were taken on ice, gently mixed and centrifuged at +4°C at 2400 × g for 10 minutes. Supernatants were aliquoted into polypropylene tubes, and stored at -80°C until proteomic analysis.
APOE genotyping
Genotyping was performed using the TaqMan Allelic Discrimination Assays (Applied Biosystems, USA). Participants were classified according to their APOE haplotype as APOE ε4-positive if they had one ε4 allele (ε2/4 or ε3/4) or two ε4 alleles (ε4/4), and as APOE ε4-negative if they had no ε4 alleles.
Basic blood chemistry and fasting glucose and insulin levels
Plasma glucose levels (mmol/l) were measured by enzymatic glucose hexokinase photometric assay (Konelab System reagents; Thermo Fischer Scientific, Vantaa, Finland). Plasma and CSF insulin concentrations (mU/l) were determined by a chemiluminometric immunoassay measurement (Liaison ® Insulin; DiaSorin S.p.A, Saluggia, Italy) and by a photometric ELISA (Ultrasensitive Insulin ELISA; Mercodia, Uppsala, Sweden).
CSF biomarkers of AD pathology
CSF concentrations of the 42 amino acid form of amyloid β (Aβ1-42), T-tau and P-tau were measured using sandwich ELISAs (INNOTEST; Fujirebio, Ghent, Belgium). These three markers reflect senile plaque pathology, neurodegeneration and tangle pathology, respectively [17] . CSF analyses were performed at the Clinical Neurochemistry Laboratory, Sahlgrenska University Hospital, Möln-dal, Sweden, by board-certified laboratory technicians. All CSF samples were analysed in one batch, with paired samples from individual patients side by side on the same plate. Samples were randomised and the CSF analysis team was blind to the IR status of subjects.
Targeted proteomics
We determined levels of proteins in CSF and in blood previously associated with AD or neurodegeneration. In CSF we measured the MCP-1 concentration using a sandwich immunoassay with electrochemiluminescent detection (MSD Human MCP-1; Meso Scale Discovery, Gaithersburg, MD, USA). CSF concentrations of YKL-40 and NFL were measured using sandwich ELISAs (R&D Systems, Minneapolis, Minneapolis, USA, and NF-light ELISA kit, UmanDiagnostics AB, Umeå, Sweden, respectively). MCP-1 and YKL-40 are both markers of astroglial activation, whereas NFL is a marker of largecalibre axonal degeneration [17] . In plasma we chose to measure four previously identified plasma biomarker candidates of AD pathology using the same proteomic platform as previous discovery experiments [18, 19, 26] 
Untargeted exploratory proteomics
SOMAscan (SomaLogic Inc.) is an aptamer-based assay allowing for the simultaneous measurement and quantification of 3615 proteins by 4006 unique SOMAmers (Slow Off-rate Modified Aptamers). The assay uses chemically modified nucleotides to transform a protein signal into a nucleotide signal that can then be quantified using relative florescence on microarrays [27] . A single SOMAscan assay was performed for each plasma and CSF sample.
Statistical analysis
Statistical analyses were performed using R (version 3.2.0), SPSS (version 21) and DAVID (version 6.7). The distribution of Matsuda ISI, plasma and CSF insulin, CSF T-tau, CSF P-Tau, CSF NFL and CSF MCP were non-normal and their values were logarithmically transformed (log 10 ) for statistical analysis. Additionally, all CSF and plasma protein values measured in untargeted and targeted proteomic experiments were log 10 transformed. Type 1 error was monitored by modelling combinational probabilities, as detailed in 'Modelling combinatorial probabilities'.
Clinical characteristics of subjects with and without IR are presented as the mean ± SD for continuous variables, or as the count (percentage) for the categorical variable (APOE ε4 status). Inter-group differences were analysed using the Mann-Whitney U test.
Spearman's rank correlation was calculated between both plasma and CSF insulin values and CSF markers of AD pathology.
Targeted proteomics
To determine whether each of the proteins was differentially expressed between IR and non-IR men, MannWhitney U tests associating the concentration of each protein with IR status were run. To identify how well the resulting significant protein(s) could explain the variance in IR group assignment, logistic regression models were run including the additional variables age and body mass index (BMI). The optimal model was assessed further using receiver operating characteristic (ROC) and area under the curve (AUC) statistics.
Spearman's rank correlation was calculated between each protein and each of the AD biomarker measurements (e.g. CSF Aβ). Significant correlations were retested within each IR group independently, to determine any influence of IR status.
Untargeted exploratory proteomics
To determine whether each of the 3615 proteins were differentially expressed between IR and non-IR, regression models associating the concentration of each CSF and plasma protein with IR status were run, controlling for age.
Plasma proteins that were differentially expressed at a significance level of p < 0.05 were nominated for pathway analysis. We evaluated the biological significance of the enriched proteins using pathway analysis. We used the DAVID Bioinformatics Resource (version 6.7) Functional Annotation tool and performed enrichment analysis on the KEGG database. The differentially expressed plasma proteins (p < 0.05) were input as our 'gene list' and probabilities were assigned to the distribution of proteins observed in the differentially expressed list versus those expected under a random draw of n proteins from the total set of proteins, where n is the number of differentially expressed proteins.
Stability selection regression with LASSO was used to identify the optimal multivariate plasma protein signatures that differentiate between IR and non-IR. Furthermore, significant plasma proteins differentially expressed between IR and non-IR subjects were compared with previously reported SOMAscan results from an AD vs control study (p < 0.05) [20] to identify common proteins from the two analyses.
Spearman's rank correlation was calculated between each CSF and plasma protein and each of the AD CSF biomarker measurements. VENNY (version 2.1, [28] ) was utilised to compare lists of significant proteins and identify those significantly related to IR status as well as the three most validated CSF markers of AD pathology; CSF Aβ, T-tau and P-tau.
Modelling combinatorial probabilities
Given a combination of outcomes (e.g. IR status, Aβ, Ttau and P-tau, all of them for either CSF or plasma), the question remains what is the probability of finding the given number of proteins being associated with all these outcomes from chance alone.
If we assume that an outcome follows a binomial distribution, the probability of a protein being associated with the outcome is trivially equal to the selected p value 'p' [29] . Meanwhile, if we consider the outcomes to be statistically independent of each other, the probability of a given protein being associated with 'k' out of 'K' outcomes (and not associated with the other 'K -k' outcomes) is:
With these probabilities we can further calculate the averages of interest. Given a single outcome (e.g. CSF Ttau), the average number of proteins that would be associated with it under p value 'p' would simply be 'N × p' , N being the total number of proteins tested (e.g. for a single outcome such as CSF T-tau, this would be 3615 × 0.05 ≈ 181). Meanwhile, the average number of proteins that would be associated with k out of K outcomes when measuring N proteins (we denote this statistical variable as 'x') would be:
Results
Clinical characteristics and inter-group differences
The clinical characteristics of the study groups are presented in Table 1 , along with the Mann-Whitney intergroup difference significance level. Concentrations of AD-related CSF biomarkers did not differ between IR and non-IR subjects (p > 0.05) suggesting that, as a group, people with IR do not have a higher level of preclinical AD pathology. However, although the group analysis in this small study did not support the primary hypothesis, we noted a wide range of plasma insulin levels, indicative to some extent of the degree of IR and overlapping between the two groups. We therefore performed a continuous variable analysis between plasma insulin and markers of AD pathology using Spearman's correlation across both IR and non-IR groups. This analysis showed a small but significant correlation between plasma insulin and CSF Aβ/tau ratio, the marker most indicative of AD pathology. This correlation was driven entirely by the association between plasma insulin and tau levels ( Table 2 ).
Targeted proteomics results
We then measured three proteins in CSF that have previously been associated with AD pathology: NFL, MCP-1 and YKL-40, markers of axonal degeneration and astroglial activation respectively [17] . None of these markers differed in men with IR compared with those without (p > 0.05). We next measured four proteins in plasma previously associated with AD pathology; FCN2, FGG, APOA1 and CFHR1. Of these, only FCN2 was significantly differentially expressed between the IR and non-IR subjects (p = 0.014, β = -0.57). FCN2 was reduced in the IR group compared with non-IR.
Akaike information criterion comparison revealed that the best quality model for group classification was 'FCN2 + BMI + Age' (p = 0.007). This model was therefore selected for ROC and AUC statistical analyses. Figure 1 displays the ROC curve illustrating the classifier performance of the model (AUC = 0.79, sensitivity = 71%, specificity = 83%, accuracy = 77%).
Protein association with AD pathology and determining the influence of IR Because previous research had identified the targeted plasma proteins as candidate biomarkers of AD pathology, we next performed a correlation analyses between these proteins with CSF Aβ and with CSF T-tau and P-tau measures to determine whether their biomarker ability replicated in this cognitively healthy cohort. Spearman's rank identified only one significant correlation: FCN2 significantly negatively correlated with CSF Aβ (r s = -0.32, p = 0.014). To determine whether this correlation was influenced by IR status, Spearman's rank correlation between FCN2 and CSF Aβ was performed within IR and non-IR subject groups independently. FCN2 was found to be significantly associated with CSF Aβ in the IR group (r s = -0.656, p < 0.001), but not in the non-IR group (p = 0.71).
Untargeted exploratory proteomics results
Finally we performed an exploratory proteomics study in plasma and in CSF using a high-dimensionality aptamer capture array measuring 3615 proteins (SomaLogic Inc.). A total of 200 proteins in CSF and 487 proteins in plasma were significantly differentially expressed between IR and non-IR subjects (p < 0.05). Full results are reported in Additional files 1 and 2.
Pathway analysis of the 487 plasma proteins that were differentially expressed between IR and non-IR subjects (p < 0.05) revealed seven significantly enriched pathways; complement and coagulation cascades (p = 8.43 × 10 -9 ), cytokine-cytokine receptor interaction (p = 1.56 × 10 Stability selection regression identified an optimal multivariate signature of 47 plasma proteins that could differentiate IR and non-IR, with AUC = 0.84, sensitivity = 77%, specificity = 75% and accuracy = 76% (Table 3) .
From the 487 proteins significantly differentially expressed between IR and non-IR subjects, 25 had previously been identified as significantly differentially expressed between AD and control subjects using the SOMAscan assay (p < 0.05, Table 4 ) [20] .
Given that IR is a risk factor for AD, we hypothesised that proteins associated with IR would overlap with those associated with AD pathology. In order to test this hypothesis we first correlated all exploratory proteins with CSF Aβ and with CSF T-tau and P-tau measures. This correlation analysis found 2370 CSF and 965 CSF cerebrospinal fluid, AD Alzheimer's disease, Aβ amyloid beta, T-tau total tau, P-tau tau phosphorylated at the Thr181 epitope, ELISA enzyme-linked immunosorbent assay *Significant at p < 0.05 plasma proteins significantly associated with one or more AD biomarker measures (p < 0.05, Additional files 3 and 4). We then performed list comparisons of proteins associated with these AD markers and with proteins associated with IR status using VENNY (version 2.1 [28] ). We found 123 proteins in CSF and 45 proteins in plasma common to all three markers of AD pathology and shared with IR status (Fig. 2) . Of these proteins, six were common to both plasma and CSF. These proteins, associated with both AD and IR in plasma and CSF, and therefore of most interest as potential markers indicative of shared pathology, are: Ciliary neurotrophic factor receptor subunit alpha; Discoidin, CUB and LCCL domain-containing protein 2; Ephrin-B2; Leucine-rich repeat-containing protein 4B; Neuronal growth regulator 1; and SLIT and NTRK-like protein 4. Given a combination of outcomes (e.g. IR status, Aβ, T-tau and P-tau, all of them for either CSF or plasma), the question remains what is the probability of finding the given number of proteins being associated with all of these outcomes (e.g. 458 in the case of CSF T-tau and P-tau, see Fig. 2 ) from chance alone. The average number of proteins calculated to be expected by chance as significantly associated with zero, one, two, three and four out of four outcomes (i.e. 'K = 4') is, respectively, 2444, 514, 40.6, 1.43 and 0.0188. For the case of eight out of eight outcomes (i.e. 'k = 8' and 'K = 8' , which corresponds to proteins being associated with all outcomes in both CSF and plasma), the average number would be 1.41 × 10 −7 . Therefore our finding that six proteins were consistently significantly associated with AD and IR in both CSF and plasma is not expected by chance alone.
Discussion
This study examined the relationship between IR and AD pathology, through assessing the concentrations of IR and AD pathology biomarkers in the CSF and plasma of cognitively normal men with and without IR. To enable a clear assessment of IR influence on AD pathology, groups were closely matched for the two largest AD risk factors; age and APOE genotype. We found that concentrations of CSF markers of AD pathology did not significantly differ between IR and non-IR subjects, suggesting that, as a group, late middle-aged to aged men with IR are not more likely to be in the pre-clinical AD stage. These data are in line with previous findings utilising other approaches that suggest IR is not associated with increased amounts of AD pathology [30] [31] [32] . However, it is important to note that we do observe a trend towards increased CSF T-tau and P-tau in the IR group, and perhaps in a larger cohort this finding would have reached statistical significance.
However, to our knowledge only one prior study by Hoscheidt et al. in 2016 [16] has assessed the association of IR and CSF AD-related biomarkers in cognitively healthy middle-aged subjects. They demonstrated a minor positive association of IR with CSF soluble amyloid-β protein precursor β (sAPP-β) and Aβ42. Our results are therefore in disagreement with these findings. However there are key differences between the two study cohorts; Hoscheidt et al. [16] included only male and females with a parental family of history of AD, whereas our male-only study balanced APOE haplotypes across the groups to minimise the influence of this AD risk factor upon our results. Additionally IR measures differ between studies; Hoscheidt et al. [16] used the Growth hormone receptor P10912
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IR insulin resistance, AD Alzheimer's disease homeostatic model assessment of insulin resistance (HOMA-IR), reflecting mainly liver IR in the fasting state. In contrast, our study used the Matsuda ISI, which measures IR during glucose stimulation, and our previous study demonstrated that the Matsuda ISI has additional value for IR detection beyond the ability of HOMA-IR [33] . Although we did not find significant AD pathology differences between IR groups, a significant relationship was reported between continuous values of plasma insulin and CSF Aβ/tau driven by the correlation between insulin levels and levels of tau protein, suggesting a link between IR and neuronal degeneration. This finding is in line with preclinical studies from animal models also demonstrating an association between hyperinsulinaemia and tau pathology [34, 35] .
Targeted CSF protein studies were in line with the studies of CSF biomarkers of AD pathology because none of the three markers previously associated with AD were significantly increased in IR. In blood we investigated the influence of IR on four previously identified plasma protein biomarker candidates of AD pathology: Ficolin-2 (FCN2; previously associated with brain atrophy [20] and CSF Tau/Aβ (Baird et al., unpublished observations)), fibrinogen gamma chain (FGG; previously associated with brain amyloid PET [18, 19] ), complement factor H related 1 (CFHR1; previously associated with brain amyloid PET [18] and CSF Tau/Aβ (Baird et al., unpublished observations)) and apolipoprotein A-I (ApoA1; previously associated with brain amyloid PET [18, 19] and CSF Tau/Aβ (Baird et al., unpublished observations)). Of these proteins, only FCN2 was significant; with a reduction in FCN2 related to IR status. Furthermore, classification analyses showed that this single protein, plus BMI and age, performed well in predicting group assignment (AUC = 0.79). Based on previous IR research, this relationship was as expected because a reduction in ficolin-3, a protein structurally and functionally similar to FCN2, has previously been identified as a biomarker of type 2 diabetes [36] . Moreover, FCN2 was also found to be related to CSF AD pathology in our cohort; with a significant negative association found with CSF Aβ, driven by the IR group. This replicates previous AD research (Baird et al., unpublished observations) demonstrating a negative correlation between Aβ and FCN2 in a non-dementia cohort, and furthermore demonstrates an interaction effect of IR and AD on FCN2. Further investigation is required to clarify this relationship, but because FCN2 functions as a mediator of the lectin complement pathway our results may indicate that lectin complement disturbance, influenced by IR status, is a prerequisite for AD pathology.
We next reported 200 CSF and 487 plasma proteins significantly related to IR, and a group classification model of 47 plasma proteins which could predict IR status with an AUC of 84%. This analysis provides further insight into proteins affected by IR mechanisms, many of which have been identified previously, and allowed us to subsequently identify overlap with proteins/pathways known to be associated in AD. Pathway analysis of the differentially expressed proteins in plasma showed seven significantly enriched pathways, and many of these biological pathways have been implicated previously in AD [18, [37] [38] [39] . To determine whether the IR-related proteins had also been identified previously as AD-related proteins, our results were directly compared with those from Sattlecker et al. [20] , a study which identified proteins differentially expressed between AD and healthy Fig. 2 Venn diagrams displaying the number of significant CSF and plasma proteins for each statistical test. Number of CSF (a) and plasma (b) proteins significantly related to IR status (blue), CSF Aβ (yellow), CSF T-tau (green) and CSF P-tau (red) (Colour figure online). CSF cerebrospinal fluid, Aβ amyloid beta, T-tau total tau, P-tau tau phosphorylated at the Thr181 epitope, IR insulin resistance (Colour figure online) control subjects, using the same proteomic platform (SOMAscan). Sattlecker et al. used a smaller SOMAscan assay size, 1300 proteins compared with our 4000, but from the comparison of 1300 proteins an overlap of 25 significant proteins between the two analyses was still found. These 25 proteins are therefore sensitive to both IR and AD, and further investigation is needed to identify the common mechanisms involved.
Untargeted exploratory proteomics also identified many candidate biomarkers of AD pathology in this cohort. Many of these proteins replicate previously identified candidate AD biomarkers, but at an earlier preclinical disease stage. Using the VENNY list comparison tool we identified proteins which were significantly related to IR as well as three of the most validated CSF markers of AD pathology: Aβ, T-tau and P-tau. One of the most notable plasma proteins common to all four tests is clusterin, because previous research has identified clusterin as one of the most promising plasma protein biomarker candidates of AD pathology. Here, plasma clusterin was reduced with IR status, and also negatively associated with CSF Aβ4 2, T-tau and P-tau.
Six proteins were consistently significantly related to IR and AD pathology measures (Aβ, T-tau and P-tau) in both CSF and plasma: Ciliary neurotrophic factor receptor subunit alpha (CNTFR); Discoidin, CUB and LCCL domain-containing protein 2 (DCBLD2); Ephrin-B2 (ENFB2); Leucine-rich repeat-containing protein 4B (LRRC4B); Neuronal growth regulator 1 (NEGR1); and SLIT and NTRK-like protein 4 (SLITRK4). These proteins are involved in functions such as cell adhesion (ENFB2, NEGR1, LRRC4B), cell signalling (DCBLD2, ENFB2), neuronal survival (CNTFR), neurite/neuron growth (NEGR1, SLITRK4) and JAK-STAT signalling (LRRC4B, CNTFR). These pathways may therefore be mutually influenced by IR and AD.
The limitations of this study need to be acknowledged. Our study used a small and specific cohort: 58 middleaged, older Finnish men. Without further testing we therefore cannot generalise these results to other demographics, and replication of the findings reported here is needed to determine their strength across cohorts. A cognitively healthy cohort with AD and IR measures is rare, however, and, although limited, our findings will help inform future investigations.
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